Methods for ranking photochemical ozone formation reactivities of volatile organic compounds (VOCs) are discussed. Photochemical mechanisms for the atmospheric reactions of 118 VOCs were used to calculate their effects on ozone formation under various NO x conditions in model scenarios representing 39 different urban areas. Their effects on ozone were used to derive 18 different ozone reactivity scales, one of which is the Maximum Incremental Reactivity (MIR) scale used in the new California Low Emission Vehicle and Clean Fuel Regulations. These scales are based on 3 different methods for quantifying ozone impacts and on 6 different approaches for dealing with the dependencies of reactivity on NO x . The predictions of the scales are compared, the reasons for their similarities and differences are discussed, and the sensitivities of the scales to NO x and other scenario conditions are examined. Scales based on peak ozone levels were highly dependent on NO x , but those based on integrated ozone were less sensitive to NO x and tended to be similar to the MIR scale. It is concluded that the MIR scale or one based on integrated ozone is appropriate for applications requiring use of a single reactivity scale.
Introduction
The formation of ground-level ozone is a serious air pollution problem in many areas. Ozone is not emitted directly, but is formed from the photochemical interactions of volatile organic compounds (VOCs) and oxides of nitrogen (NO x ). Many different types of VOCs are emitted into the atmosphere, each reacting at different rates and with different reaction mechanisms.
1 Because of this, VOCs can differ significantly in their effects on ozone formation. These differences in effects on ozone formation are referred to as the ozone "reactivities" of the VOCs. Although in the past such differences have often been neglected and all non-exempt VOCs have been regulated equally, in recent years it has become recognized that control strategies which encourage the use of less reactive VOCs could provide a cost-effective means to achieve ozone reductions. An example of this is to encourage the use of alternative fuels for motor vehicles. However, practical implementation of such strategies requires some means to quantify the reactivities of VOCs.
There are a number of ways to quantify VOC reactivities, but the most relevant measure of the effect of a VOC on ozone is the actual change in ozone formation in an airshed resulting from changing the emissions of the VOC in that airshed. This depends not only on how rapidly the VOC reacts and the nature of its atmospheric reaction mechanism, but also the nature of the airshed where it is emitted, including the effects of the other pollutants which are present. Although the effect of VOCs on ozone formation can be measured in environmental chamber experiments, the fact that these effects depend on the environment where the VOCs react means that one cannot necessarily assume that quantitative ozone impacts in the atmosphere will necessarily be the same as those measured in the laboratory. However, the effect of a VOC on ozone in the atmosphere can be estimated using computer airshed models. While the results of such calculations are no more reliable than the models of the chemical reactions and the air pollution episode being considered, modeling provides the most realistic and flexible means to assess the many factors which affect ozone formation from VOCs and for the development of VOC reactivity scales.
The effect of changing the emissions of a given VOC on ozone formation in a particular episode will in general depend on the magnitude of the emission change and on whether the VOC is being added to, subtracted from, or replacing a portion of the base case (i.e., present day) emissions. To remove the dependence on this, it was proposed to use "incremental reactivity" to quantify ozone impacts of VOCs. 2 This is defined as the change on ozone caused by adding an arbitrarily small amount of the test VOC to the emissions in the episode, divided by the amount of test VOC added. This can also be thought of as the partial derivative of ozone with respect to emissions of the VOC. Note that this does not necessarily predict the effects of large changes in emissions, as might occur, for example, if all the motor vehicles in an airshed were converted to another type of fuel. However, Chang and Rudy 3 found that incremental reactivities give good approximations to effects on ozone of alternative fuel substitution scenarios involving changing up to 30% of the total VOC emissions. In any case, incremental reactivities will predict the direction of an initial ozone trend which results when a control strategy is being phased in.
Incremental reactivities have been investigated in a number of computer modeling studies, [3] [4] [5] [6] [7] [8] [9] and the VOC's reaction mechanism was found to be important in affecting its incremental reactivity. Some compounds can cause the formation of 10 or more additional molecules of ozone per carbon atom reacted, either directly or through its effects on reactions of other compounds, while others cause almost no ozone formation when they react, or even cause ozone formation to be reduced 9 . The predictions that VOCs have variable effects on ozone formation, even after differences in how rapidly they react are taken into account, and that some have negative effects on ozone formation under some conditions, have been verified experimentally 2, 10 .
The modeling studies also predict that incremental reactivities depend significantly on the environmental conditions, particularly on the relative availability of NO x 5, 9 . NO x availability has traditionally been measured by the ratio of total emissions of reactive organic gases (ROG) to NO x . In general, VOCs have the largest incremental reactivities under relatively high NO x conditions (i.e., low ROG/NO x ratios) and have much lower, in some cases even negative, reactivities under conditions where NO x is limited (high ROG/NO x ratios). This is because under high NO x conditions the amount of ozone formed is determined by the levels of radicals formed from the reactions of the VOCs, while under lower NO x conditions it is the availability of NO x , which must be present in order for ozone to be formed, which limits ozone formation. Other aspects of the environment in which the VOC is emitted, such as nature of the other organics emitted into the airshed, 8, 11 the amount of dilution occurring, 9 etc., can also be important in affecting VOC reactivities, though investigations of these aspects are more limited.
The fact that incremental reactivities depend on environmental conditions means that no single scale can predict incremental reactivities, or even ratios of incremental reactivities, under all conditions.
Thus the concept of a "reactivity scale" oversimplifies the complexities of the effects of VOC emissions on ozone formation. Nevertheless, for some regulatory applications, the only practical choice is between using some reactivity scale or ignoring reactivity altogether. The latter would be the appropriate choice if reactivities were so variable that all VOCs could be considered to be the same to within this variability.
If this is not the case, and if the policy is adopted to use a reactivity scale, the issue becomes how one would develop a scale whose use would result in the greatest overall air quality improvement for the range of conditions where it will be applied.
An example of a case where the policy was adopted to use a reactivity scale is the "Low-Emission
Vehicles and Clean Fuels" regulations in California. 12 In this regulation, non methane organic gas (NMOG) exhaust standards for alternatively fueled vehicles are determined using reactivity adjustment factors (RAFs), which are intended to relate the differences in ozone formation potential of the exhausts compared to that of conventionally fueled vehicles. 12 The regulation as presently adopted utilizes the maximum incremental reactivity (MIR) scale developed by this author to calculate these RAFs. 13 This paper gives the results of an investigation of alternative approaches for developing reactivity scales, and describes the development of the MIR and other reactivity scales.
Chemical Basis of Reactivity
This section gives a summary of the fundamentals of the chemistry of O 3 formation, which may be useful for an understanding of this work. The only significant process forming O 3 in the lower atmosphere is the photolysis of NO 2 , which is reversed by the rapid reaction of O 3 with NO.
NO 2 Thus NO x conditions are a major factor affecting reactivity. However, other scenario conditions will also affect reactivity, by affecting how rapidly NO x is removed, by affecting overall radical levels and thus how rapidly NO x and VOCs react, and by affecting other factors determining the efficiency of ozone formation. This results in variations of incremental reactivities among the different airshed conditions, even those with similar NO x levels. The relative importance of these factors are investigated in this work.
Methods
This paper uses a number of specialized terms and abbreviations. To assist the reader in following this discussion, Table I gives a summary of these terms and abbreviations. These are discussed in more detail below.
Scenarios Used for Reactivity Assessment
The assessment of ozone reactivities of VOCs under a variety of conditions requires calculating their effects on ozone formation using a set of model scenarios which represent a realistic distribution of environmental conditions. An extensive set of pollution scenarios has been developed for conducting analyses of effects of ROG and NO x controls on ozone formation using the EKMA modeling approach [14] [15] [16] [17] [18] .
The EKMA approach involves use of single-cell box models to simulate how ozone formation in one day episodes is affected by changes in ROG and NO x inputs. Although single-cell models cannot represent realistic pollution episodes in great detail, they can represent dynamic injection of pollutants, time-varying changes of inversion heights with entrainment of pollutants from aloft as the inversion height increases throughout the day, and time-varying photolysis rates, temperatures, and humidities 14, 16, 19 . Thus, they can be used to simulate a wide range of the chemical conditions which affect ozone formation from ROG and NO x . These are the same as those affecting VOC reactivity. Therefore, at least to the extent they are suitable for their intended purpose, an appropriate set of EKMA scenarios should also be suitable for assessing methods to develop reactivity scales encompassing a wide range of conditions.
Base Case Scenarios. The set of EKMA scenarios used in this study were developed by the United States EPA for assessing how various ROG and NO x control strategies would affect ozone nonattainment in various areas of the country. 18 The characteristics of these scenarios and the methods used to derive their input data are described in more detail elsewhere. 18, 20 Briefly, 39 urban areas in the United States were selected based on geographical representativeness of ozone nonattainment areas and data availability, and a representative high ozone episode was selected for each. These were based on Averaged Conditions A scenario whose inputs represent the average of those of the base case scenarios Scenario
Measures of Reactivity

Incremental Reactivity
Change in ozone formed caused by adding a VOC to the initial and emitted base ROG in a scenario, divided by the amount of VOC added.
Relative Reactivity
The Incremental reactivity of the VOC divided by the incremental reactivity of the base ROG mixture.
Kinetic Reactivity Fraction of the VOC which reacts in the scenario.
Mechanistic Reactivity Change in ozone formed caused by adding a VOC to the initial and emitted base ROG in a scenario, divided by the amount of VOC which reacted.
O 3 Yield Reactivity Incremental or relative reactivity based on the effect of the VOC on the maximum amount of ozone formed.
IntO 3 Reactivity
Incremental or relative reactivity based on the effect of the VOC on the O 3 concentration integrated over time.
IntO 3 >90 Reactivity Reactivity based on the effect of the VOC on the sum of the O 3 concentrations for each hour when O 3 ≥ 90 ppb. Relative reactivity scales based on incremental reactivities in scenarios where NO x inputs were not adjusted.
Base (AR) Scales
Base case scales derived using the averaged ratio method. Averages of the relative reactivities in the base case scenarios.
Base (L1) Scales Base case scales derived using the least squares error method which minimizes the change in ozone caused by substituting the base ROG for the VOC using reactivity weighting factors which the scale predicts has zero effect on ozone.
Base (L2) Scales Base case scales derived using the least squares error method which minimizes the change in ozone caused by substituting the VOC for the Base ROG using reactivity weighting factors which the scale predicts has zero effect on ozone.
Other VOC Volatile Organic Compound. In this paper CO is also referred to as a VOC, but strictly speaking it is not. ROG Reactive Organic Gas. VOCs which react in the atmosphere to a significant extent, i.e., VOCs other than CO, methane, chlorofluorocarbons, or other unreactive compounds. Null test A model simulation where one VOC or mixture of VOCs is replaced by another in a proportion which a reactivity scale predicts would have no effect on ozone. The resulting change in ozone is a way of measuring the error of a reactivity scale.
NMOG
1986-88 data 18 . The initial NMOG and NO x concentrations, the aloft O 3 concentrations, and the mixing height inputs were based on measurement data for the various areas, the hourly emissions in the scenarios were obtained from the National Acid Precipitation Assessment Program (NAPAP) emissions inventory, 18 and biogenic emissions were also included. Table II gives a summary of the urban areas represented and other selected characteristics of the scenarios.
Note that the initial NMOG and NO x concentrations are based on air quality data, so they are not affected by uncertainties and possible errors in the emissions inventory. Errors in the inventory would affect amounts of hourly emissions after the beginning of the simulation, which usually have less of an effect on the ozone than the amounts of NMOG and NO x present initially. Thus if the NMOG inventory were too low, then the base case ROG/NO x ratio would also be low, but to a lesser extent. However, this
would not significantly affect the ROG/NO x ratio in the adjusted NO x scenarios (discussed below.)
Several changes to the scenario inputs were made based on discussions with the California ARB staff and others. 13, 21 Two percent of the initial NO x and 0.1% of the emitted NO x in all the scenarios was assumed to be in the form of HONO. The photolysis rates were calculated using solar light intensities and spectra calculated by Jeffries 22 for 640 meters, the approximate mid-point of the mixed layer during To develop a set of scenarios for this purpose, one needs a means to assess NO x availability, or to establish equivalency of NO x conditions, which is applicable to a variety of scenarios. NO x availability is determined both by the amount of NO x input and the rate at which it is removed. The latter is affected not only by the reactivity and amount or ROGs which are present, but also by factors such as light intensity, temperature, and dilution, which in general will vary from scenario to scenario. Therefore the amount of NO x present or the ROG/NO x ratio are not necessarily reliable indicators of NO x availability.
However, if one examines how changes in ROG and NO x affect ozone formation as a function of NO x inputs, essentially the same pattern is observed for all scenarios. This is shown on Figure 1 , which plots, against total NO x input, the changes in ozone caused by 1% increases in ROG or NO x inputs for a typical scenario. The figure also includes a plot of the peak daily ozone concentration against NO x input. Note that in all cases there is a NO x input level (designated "MIR" on the plot) where the ROG input has the highest and most positive effect on ozone which is near or the same as the point where the effect of NO x is the most negative; there is a lower NO x level ("MOR") which yields the maximum ozone concentration and where the effect of NO x on ozone changes sign; and there is a yet lower NO x level Figure 1 . Qualitative dependencies on NO x inputs of maximum ozone and of relative changes in ozone caused by 1% increases in total ROG or total NO x emissions for the "Averaged Conditions" Scenarios. NO x inputs are shown relative to NO x inputs which give maximum ozone yields.
("EBIR") where the effects of fractional changes of ROG and NO x on ozone formation are equal.
Although these three points in general occur at different NO x inputs or ROG/NO x ratios for conditions of different scenarios, they represent consistent NO x conditions in terms of how ozone formation is affected by ROG and NO x changes. Thus, these can be used to define three conditions of consistent NO x availability, which yield three sets of adjusted NO x scenarios. These are as follows:
Maximum Incremental Reactivity (MIR) Scenarios. In these scenarios the NO x inputs are adjusted so that the base ROG mixture had the highest incremental reactivity. The NO x adjustment was done by varying both the initial NO x and the emitted NO x by the same factor. 20 These MIR scenarios represent NO x conditions where emissions of ROGs have the greatest effect on ozone formation, and
where NO x has the strongest ozone inhibiting effect. Thus they represent conditions where ROG control has the greatest effect on ozone. They can also be thought of representing approximately the highest NO x levels which are relevant in considering control strategies for ozone, because ozone is suppressed to low levels if NO x inputs are increased significantly above this level.
Maximum Ozone Reactivity (MOR) Scenarios. In these scenarios the NO x inputs are adjusted to yield the highest peak ozone concentration. This represents the dividing line between conditions where NO x is in excess and where ozone is NO x limited, or the "ridgeline" on ozone isopleth plots. 27 MOR scenarios represent NO x conditions which are optimum for ozone formation.
Equal Benefit Incremental Reactivity (EBIR) Scenarios. In these scenarios the NO x inputs are adjusted so that the effect on ozone of a given percentage incremental change in ROG input is the same as the effect of an equal percentage change in NO x . In other words, this is the point where the incremental reactivity of the base ROG mixture, multiplied by the total amount of ROG input (excluding aloft or biogenic ROGs), equals the incremental reactivity of NO x , multiplied by the amount of NO x input.
The EBIR scenarios represent the lowest NO x conditions where ROG control is of equal or greater effectiveness for reducing ozone as NO x control. Thus they represent the lowest NO x conditions which are of relevance to ROG control, since at lower NO x levels NO x control becomes much more effective in reducing ozone.
Averaged Conditions Scenarios. It is useful for sensitivity studies and example calculations to
have a single scenario or set of scenario conditions which can be taken as being representative of the larger set. For this purpose, we derived an "averaged conditions" scenario from the averages of the relevant inputs of the 39 base case scenarios. This was then used as the basis for developing scenarios with some input modified, such as the base ROG composition or the initial HONO. The MIR, MOR, or EBIR versions of this scenario are determined as discussed above for the base case scenarios. Note that when conducting sensitivity calculations on varied scenario conditions, the NO x adjustments to determine MIR, MOR or EBIR conditions were done after the scenario condition was varied, so the effect of the variation can be assessed on an equal NO x availability basis. Otherwise, the effect of the variation on NO x availability may dominate the result.
Calculation of Reactivities in a Scenario
Incremental Reactivities. Incremental reactivities in a given scenario are calculated by conducting model simulations of ozone formation in the scenario, and then repeating the calculations with a small amount of the test VOC added. The amount of test VOC added depended on how rapidly it reacted in the scenario, being determined such that the amount added is sufficiently large so that numerical errors in the computer simulation do not significantly affect the results, yet is sufficiently small that the effect of adding the VOC is within the linear range where the change in ozone is proportional to the amount added. 20 The incremental reactivities are then the change in ozone formed in the two calculations, divided by the amount of test VOC added. The detailed methodology used for calculating incremental reactivities in a scenario is given elsewhere. Relative Reactivities. For control strategy purposes, the ratios of incremental reactivities for one VOC relative to others are of greater relevance than the incremental reactivities themselves. To define a relative reactivity scale, one needs to select a VOC to use as the standard. For example, Chameides et al. 29 used propene, Russell and co-workers 30 used carbon monoxide, and Derwent and Jenkins 31 used ethylene for this purpose. In this work, the standard we will use is the base case ROG mixture, i.e., the mixture used in the model simulations to represent the initially present and emitted anthropogenic reactive organic gases in the scenarios. Thus, the relative reactivity of a VOC is the ratio of the incremental reactivity of the VOC to the incremental reactivity of the base ROG mixture. When defined in this way, the VOC's relative reactivity measures the effect on ozone of changing the emissions of this VOC compared to the effect changing the emissions of all VOCs equally.
Kinetic and Mechanistic Reactivities. To provide a basis for examining in more detail how differing aspects of VOC reaction mechanisms and scenario conditions affect reactivity, it is useful to consider incremental reactivity as being the product of the "kinetic" and the "mechanistic" reactivities. 9 The kinetic reactivity is the fraction of the emitted VOC which reacts in the scenario, and depends on the VOC's relevant rate constants and the levels of the radicals and species in the scenarios which react with the VOCs. Mechanistic reactivity is the change in ozone formed caused by adding the VOC, divided by the amount which reacts -or the incremental reactivity divided by the kinetic reactivity. The mechanistic reactivities are independent (to a first approximation) on how rapidly the VOC reacts, but are affected by factors such as the as number of conversions of NO to NO 2 which occur when the VOC reacts, whether the VOC's reactions enhance or inhibit radical or NO x levels, the reactivities of the products they form, and conditions of the scenario such as NO x availability and other factors which affect the overall efficiency of ozone formation. 9 These two components of incremental reactivity are affected by different aspects of the VOC reaction mechanism and of the scenario conditions. Thus they are useful when explaining factors which affect reactivity, and why reactivity can vary from scenario to scenario.
Derivation of Multi-Scenario Reactivity Scales
A total of 18 different general or multi-scenario reactivity scales were derived in this work, depending on which type of ozone quantification, scenarios, or aggregation method was used. These are discussed below.
Adjusted NO x Scales. Adjusted NO x reactivity scales are scales derived from incremental or relative reactivities in the adjusted NO x scenarios. A total of 9 such scales were derived based on the three conditions of NO x availability (MIR, MOR, and EBIR) and the three methods for quantifying ozone (O 3 yield, IntO 3 , and IntO 3 >90). Incremental reactivities in these scales were derived by averaging the kinetic and mechanistic reactivities in the MIR, MOR or EBIR scenarios, and combining them to yield aggregate incremental reactivities for these three NO x conditions. This gives essentially the same result as simply averaging the incremental reactivities, but this approach was used because it also gives kinetic and mechanistic reactivities characteristic of the adjusted NO x conditions. This is useful for analyzing reactivity trends. Incremental reactivities were computed only for the ozone yield scales; for the IntO 3
and IntO 3 >90 scales only relative reactivities were computed. Relative reactivities for the 9 adjusted NO x scales were derived by averaging the relative reactivities in the adjusted NO x scenarios.
In the remainder of this paper the terms "MIR scale", "MOIR scale" or "EBIR scale" will be used to refer to the ozone yield adjusted NO x scales. (MOIR stands for "maximum ozone incremental reactivity.) The IntO 3 or IntO 3 >90 adjusted NO x scales will be referenced explicitly as such when they are discussed. This conforms to the terminology used elsewhere for the MIR and MOIR scales.
12,13
Base Case Scales. Base case relative reactivity scales are derived from incremental reactivities in the base case scenarios. Only relative reactivities are derived because the varying NO x conditions in the base scenarios caused incremental reactivities to vary widely. For many VOCs relative reactivities also varied widely in the base case scenarios, and different scales can be obtained depending on the methods used to derive a single scale from the distribution of values among the scenarios. Three different methods, discussed below, were employed. Combined with the three methods for quantifying ozone, these yielded 9 different base case relative reactivity scales.
The "Average Ratio" (AR) Method. This consists of simply averaging the relative reactivities in the base case scenarios, with each scenario being weighed equally. This is the method used to derive the relative reactivities in the adjusted NO x scales. However in this case, unlike the adjusted NO x scales, the quantities being averaged are quite variable. The fact that this method weighs the relative reactivities in all scenarios equally, despite the fact that ozone is much more sensitive to VOC changes in some scenarios than in others, suggests that this may not give an optimum scale for control applications.
A more optimum scale should give greater weight to scenarios which are more sensitive to the quantities being regulated.
The "Least Squares Error" Methods. These are based on minimizing the calculated sumof-squares change in ozone which would result if a substitution which the scale predicts would have zero effect on ozone were applied throughout the set of scenarios. Model calculations of substitutions which a reactivity scale predicts has no effect on ozone are referred to as "null tests" of the scale. For example, if the relative reactivity of a compound in a scale were 0.5, then the scale predicts that substitution of 2 units of the compound for one unit of the base ROG would result in no net change in ozone. A null test calculation would be a simulation of the effect of this substitution. Since in general relative reactivities vary from scenario to scenario, a null test substitution would cause a change in ozone in at least some of the scenarios no matter what relative reactivity were used. This change can then be thought of as a measure of the "error" of the reactivity scale for the scenario. The least squares error relative reactivity is the value which minimizes the sum of squares of this error, or change in ozone, resulting from this null test. Note that this method gives greater weight to scenarios where ozone is more sensitive to VOCs.
Since relative reactivity is defined as reactivities relative to the base ROG, the relevant substitution strategies for deriving these scales would involve either (1) reducing emissions of the VOC and offsetting it by an increase in the emissions of all ROGs, or (2) reducing all ROGs and offsetting it by an increase in the VOC. Least squares error method "L1" is based on minimizing the errors in null tests of ROG for VOC substitutions, while least squares error "L2" is based on minimizing errors in null tests of VOC for ROG substitutions. It can be shown 20 that the Base (L1) relative reactivities are the same as the weighted average of the relative reactivities in the individual base case scenario, where the weighting factor is the square of the incremental reactivity of the base ROG mixture. On the other hand, the Base (L2) relative reactivities are the reciprocals of the weighed averages of the reciprocals of the relative reactivities in the scenarios, where the weighting factor is the square of the incremental reactivity of the VOC.
Method L2 may seem preferable from a control strategy perspective because most substitutions of interest involve replacing current emissions with some less reactive VOC, which is the basis of the null test the L2 method is designed to optimize. However, method L1 is more tractable mathematically because method L2 does not give well defined results for VOCs whose incremental reactivities vary around zero, and because the relative reactivities of mixtures in the Base (L1) scales can be derived by linear summations of relative reactivities of their components -which is not the case for the Base (L2)
scales.
Chemical Mechanism
The chemical mechanism used in this study is that of This mechanism is considered appropriate for reactivity calculations because it is at least as up to date as the other available comprehensive mechanisms 34, 36, 37 and it is the only one designed to represent large numbers of VOCs which has been extensively tested against chamber data. However, its limitations and uncertainties must be recognized. Most of the mechanism represents the state of knowledge as of [1989] [1990] and is out of date in some respects. At the time it was developed, the available chamber data were sufficient to test the representation of~20 representative VOCs, and the reactions for most of the others were derived by extrapolation or estimations. 32 It has not been updated to take into account results of recent experimental studies of incremental reactivities of a variety of VOCs. 10 The uncertainties in the reaction mechanism obviously must be taken into account when the results of model calculations of reactivities are used to assess ozone control strategies. To aid in such assessments, the master listing of reactivity results given in the following section includes footnotes indicating levels of uncertainty in the mechanisms for the various VOCs, based on the amount of experimental data available to test the mechanisms at the time they were developed. Table III gives the incremental reactivities in the MIR scale and the relative reactivities in all 9
Results and Discussion
adjusted NO x scales for all the types of VOCs in the mechanism. Comparisons of relative reactivities in the base case scales are shown for selected VOCs in figures given later in this paper. These data are discussed below, first in terms of the variability and differences of incremental reactivities and its components, and then in terms of the differences and variabilities of the relative reactivities. Finally, reactivity adjustment factors for selected vehicle exhaust mixtures calculated using these various scales are compared. Note that in a previous derivation of general VOC reactivity scales, 11 a different set of scenarios, obtained from the studies of Gery et al. 17 and Whitten 38 were used. To show how the distribution of NO x conditions from these scenarios compare with the EPA-derived scenarios used in this work, Figure 2 also shows plots of NO x /NO x MOR for the Gery et al. 17 and Whitten 38 scenarios. These are designated as "base Distribution plots of maximum ozone, the base ROG incremental reactivity, the ROG/NO x ratio, and the ratio of NO x inputs to MOR NO x inputs for the MIR, MOR, EBIR and base case scenarios. Base scenarios used previously 11 are shown on the NO x /MOR NO x plot.
Distributions of NO x and Reactivity in the Scenarios
(1991)" on the figure. This shows that these scenarios have a much wider distribution of NO x conditions than those used in this work. The implications of this on reactivity scales are discussed later.
Factors Affecting Reactivity
Dependence of Reactivity on Environmental Conditions. Table III shows that as expected the incremental reactivities of a given VOC vary significantly with NO x conditions. However, it does not show the extent to which the reactivities or their components vary among the individual adjusted NO x and base case scenarios. An illustration of this is shown on Figure 3 , which shows distribution plots of kinetic, mechanistic, incremental, and relative ozone yield reactivities for carbon monoxide and toluene.
Although these are only two of the many types of VOCs, together they illustrate the trends which are characteristic of most other VOCs to varying degrees. Figure 3 . Distribution plots of kinetic, mechanistic, incremental, and relative reactivities for carbon monoxide and toluene in the MIR, MOR, EBIR and base case scenarios.
Carbon Monoxide Toluene
The sensitivity of kinetic reactivities to scenario conditions depends on how rapidly the VOC reacts, with slowly reacting compounds being most sensitive, and having kinetic reactivities which are essentially proportional to the integrated levels of species with which the VOC reacts. Rapidly reacting compounds have kinetic reactivities approaching unity. Most slowly reacting compounds react only with OH radicals, so variations in their kinetic reactivities reflect variations in integrated OH radical levels.
CO reacts so slowly that its kinetic reactivity is essentially proportional to the integrated OH, and thus the distribution plot of its kinetic reactivities is the same as the distribution plot of integrated OH. The distribution for kinetic reactivities of toluene, which reacts more rapidly, is qualitatively similar but varies over a narrower range.
The distribution plots show that kinetic reactivities, and thus integrated OH radical levels, are lower in the MIR scenarios compared to MOR and EBIR conditions. This is attributed to the fact that NO x is involved in a number of radical termination reactions. However, the kinetic reactivities apparently do not increase further to a significant extent as NO x is reduced from MOR to EBIR levels. Apparently reduced termination caused by lower NO x when going from MOR to EBIR is offset by the increased termination due to HO 2 + HO 2 and other peroxy + peroxy reactions which become more important once NO x is consumed. On the other hand, the wide distributions of kinetic reactivities in the adjusted NO x scenarios indicate that kinetic reactivities are significantly affected by other factors besides NO x . Factors such as light intensity, temperature and dilution might be of equal or greater significance as NO x in affecting radical levels and thus kinetic reactivities.
Since the dependence of kinetic reactivity on NO x is in the opposite direction as that for incremental reactivities, the mechanistic reactivity must be the dominant factor affecting how incremental reactivities vary with NO x . In contrast to the case with kinetic reactivities, for most VOCs there is also almost no overlap in the distributions of mechanistic reactivities in the MIR and MOR scenarios; the data on Figure 3 are typical in this regard. Thus, at least when NO x is above MOR levels, NO x availability dominates over other scenario conditions in affecting mechanistic reactivity. While NO x is still important in affecting mechanistic reactivities when NO x is below MOR levels, the other factors become relatively more important, as indicated by the overlap in the distributions of the MOR and EBIR mechanistic reactivities for both CO and toluene.
VOCs form ozone by producing HO 2 and other peroxy radicals which react with NO to shift the conditions, but will not significantly affect high NO x (MIR) reactivities. Toluene is an example of a compound where both factors are operative, and consequently its mechanistic reactivity, and thus its incremental reactivity, decreases much more rapidly as NO x is reduced than is the case for CO and other
VOCs. Note that the NO x sink effect becomes dominant when NO x is sufficiently low, causing reactivities to become negative. This is despite the fact that toluene is still calculated to form radical-initiating products and radicals that react with NO. For the mechanism used in this work, the crossover for toluene reactivity occurs at some NO x level around the equal benefit point, though the exact level appears to be highly variable depending on other scenario conditions. (The crossover occurs at higher NO x levels when the Carbon Bond IV mechanism is used. 39 )
One would expect relative reactivities to be much less dependent on scenario conditions than incremental reactivities, at least for scenario conditions which affect reactivities of all VOCs in similar qualitative ways. Thus, while decreasing NO x levels causes decreased incremental reactivities in all compounds, this effect at least to some extent cancels out when considering relative reactivities. However, if a VOC differs significantly in how its incremental reactivities vary with NO x than is the case for the base ROG mixture, then its relative reactivity will also vary with NO x . For example, the mechanistic reactivities of CO are less dependent on NO x than most VOCs so its relative reactivities increase with decreasing NO x , while the opposite is true for toluene. For similar reasons, one would expect the distribution of relative reactivities in the adjusted NO x scenarios to be much narrower than the corresponding distribution of incremental reactivities. This is indeed the case for the MIR scenarios, but the relative reactivities appear to be much more variable in the MOR and (especially) the EBIR scenarios.
Thus non-NO x scenario conditions appear to affect incremental reactivities of different VOCs similarly under high NO x , MIR conditions, but this is apparently not the case under more NO x -limited conditions.
The variations in relative reactivity are discussed further in the following section.
Relative Reactivities
The relative reactivities of a variety of VOCs in the various scales are compared graphically on have weaker than average NO x sinks, such as CO, ethene and methanol, tend to increase with decreasing NO x because their incremental reactivities are less sensitive to NO x than that for the base ROG mixture, which includes a significant contribution from aromatics. In addition, relative reactivities of slowly reacting compounds such as CO and ethane tend to increase with decreasing NO x because kinetic reactivities, which increase as NO x is reduced, are relatively more important in affecting reactivities of slowly reacting compounds. Because CO is both slowly reacting and has essentially no NO x sinks, it provides the most extreme case of a compound whose relative reactivity increases with decreasing NO x . Comparison of relative reactivities of carbon monoxide, ethane, n-butane, n-octane, npentadecane, and ethene calculated using various methods. Points on right are ozone yield relative reactivities for the varied averaged conditions scenarios. Comparison of relative reactivities of propene, trans-2-butene, toluene, m-xylene, 1,3,5-trimethylbenzene, and formaldehyde calculated using various methods. Points on right are ozone yield relative reactivities for the varied averaged conditions scenarios. Comparison of relative reactivities of acetaldehyde, acetone, methanol, ethanol, cresols, and benzaldehyde calculated using various methods. Points on right are ozone yield relative reactivities for the varied averaged conditions scenarios. Figure 7 shows the extent to which the relative reactivities of positively reactive compounds in the MIR and MOIR scales correspond to each other. Although these relative reactivities are clearly highly correlated, the MIR scale tends to underpredict the MOIR relative reactivities for CO, the alkanes and the alcohols, and overpredict them for the aromatics, on a fairly consistent basis. On the other hand, Figure   8 shows that, except for toluene, the MOIR and EBIR relative reactivities correspond very well. These There are a few apparently anomalous Base (L2) values which can be seen from the data for the cresols and n-pentadecane. These are cases when the incremental reactivities of the VOC are distributed around zero, when the method used to compute the Base (L2) reactivities is most sensitive to the most extreme values in the distribution. Because of the poor performance of this method in these cases, and the fact that in most other cases it yields essentially the same result as the L1 method, it is concluded that the L1 method is the better method to derive least squares error relative reactivities.
In most cases, the relative reactivities in the Base (AR) case scale tend to fall between those in the MOIR and EBIR scale. This is as one would predict from the distribution of NO x /NO x MOR ratios in the base case scenarios. On the other hand, all of the Base (L1) and most of the Base (L2) relative reactivities lie somewhere between the MIR and MOIR values. More MIR-like values for the least squares error scales are expected because the method used to derive them puts more weight on reactivities in scenarios where ozone is more sensitive to VOCs, i.e., which are closer to MIR conditions. However, unlike the least squares error scale given in a previous study, 11 where the Base (L1) scale corresponded much better to the MIR scale than MOIR, in this case the Base (L1) reactivities are somewhat closer to the MOIR scale.
The reason for the differences between this result and those given previously 11 arises from the fact that the scenarios employed in the previous study represented a more varied set of NO x conditions. This is apparent from the distribution plots of NO x /NO x MOR ratios on Figure 2 , which include the distribution for the base scenarios from Gery et al. 17 and Whitten 38 used in the previous 11 study ("base (1991)"), where they can be compared with distribution for the EPA scenarios used in this work. Although both sets have average NO x /NO x MOR ratios near the MOR range, the much wider distribution of NO x conditions in the base (1991) set results in a larger fraction of scenarios which have near-MIR or higher-than-MIR NO x conditions. Since reactivities in these high NO x scenarios are weighed the most heavily in computing the least squares error scales, these scales are highly sensitive to the number of such scenarios in the distribution. In general, the wider the distribution of NO x conditions in a set, the closer the least squares error reactivity scale derived from it will correspond to an MIR scale.
The appropriateness of base case reactivity scales from this work obviously depends on how well these EPA scenarios represent the distribution of conditions where ozone pollution episodes occur. It should be recognized that MIR conditions probably occur in the atmosphere much more frequently than represented by these EPA episodes. Each of these scenarios is based on the EPA's assessment of the conditions of a near-worst ozone episode in some area, and thus represents a meteorological condition which is near to the most favorable for ozone formation in that area. Thus most other days would have less favorable meteorological conditions for ozone, including many days when unacceptable ozone levels may still be formed. These would include days with lower rates of NO x removal because lower temperatures or light intensities cause lower rates of photochemical reactions. Slower NO x removal means more NO x availability, and thus more MIR-like conditions. Since, as shown on Figure 2 , ozone can still exceed air quality standards under MIR conditions, such meteorological conditions, while not worst case,
are not irrelevant to the problem of urban ozone formation. If these conditions were represented in a more comprehensive set of scenarios, the resulting least squares error scales would correspond much more closely to the MIR scale than observed in this work. The reason this lower sensitivity of IntO 3 relative reactivities to NO x -and their tendency to correspond to MIR relative reactivities -is that integrated ozone levels are sensitive to the same mechanistic factors which determine ozone yields under high NO x , MIR conditions. These are the factors which affect how rapidly O 3 is formed, as opposed to those which affect the ultimate O 3 yield when NO x is limited. In a high NO x scenario, both the ozone yield and the integrated ozone would be determined by how rapidly O 3 is formed. In a lower NO x scenario, the integrated ozone would still be sensitive to the ozone formation rate, but if the O 3 is NO x limited the maximum ozone yield is more sensitive to the NO x availability than the ozone formation rate. While NO x availability has some influence on integrated ozone under low NO x conditions, it tends to be less important a factor than the amount of time that the highest levels of ozone were present in the scenario. Thus, since IntO 3 reactivities and MIR reactivities are both sensitive to the same aspects of the VOCs' mechanisms, the relative reactivities tend to correspond to each other. NO x sinks in the VOCs' mechanisms, which become the dominant factor affecting MOIR and EBIR reactivities, are only of secondary importance in affecting IntO 3 reactivities.
Integrated Ozone and IntO
One would expect the IntO 3 >90 reactivity scales to have characteristics somewhere between those for the IntO 3 and the ozone yield scales, and this is indeed what is observed. However, the IntO 3 >90
scales are closer to IntO 3 scales than the ozone yield scales, and all the discussion above for the IntO 3 scales are applicable to IntO 3 >90. There are a few cases, such as formaldehyde, trimethylbenzenes, and (to a lesser extent) acetone, ethanol, and methanol, where there is a non-negligible difference between the ozone yield and the integrated ozone reactivities under maximum reactivity conditions. In those cases, the IntO 3 >90 reactivities tend to be closer to the MIR reactivities.
Because of this, MIR reactivities tend to give very good predictions of IntO 3 >90 reactivities in the base case scenarios. This is shown on Figure 9 , which gives plots of base case IntO 3 >90 relative reactivities computed using the average ratio method against the values predicted by the MIR scale for selected representative positively reactive VOCs. It can be seen that agreement to within the standard deviations are attained for all but two VOCs, and for those the agreement is within 1.5 standard deviations.
This is much better than the correspondence of the base case IntO 3 >90 reactivities with the MOIR or EBIR scales.
Effects of Variations of Other Scenario Conditions
The comparisons of reactivities in the adjusted NO x scenarios provide direct information on their dependencies on NO x availabilities, and also, through the standard deviations of the averages, provide indirect information on the importance of other conditions which were variable in the scenarios. However, the composition of the base ROG mixture, the level and compositions of ROGs aloft, and the initial nitrous acid (HONO) as a fraction of the NO x inputs were held fixed in all these scenarios, and thus these data provide no information on the sensitivities of reactivities to these inputs. To assess this, modified versions of the averaged conditions scenario were derived by varying these inputs as described below, then the NO x inputs for each version were adjusted to derive corresponding MIR or MOR scenarios, and then these were used to assess how these variations affect the MIR and MOIR reactivities. Sensitivities of EBIR reactivities to scenario conditions are not discussed here, but they were generally found to be similar to, though often greater than, those for MOIR reactivities.
Four different modifications of the composition of the base ROG were examined, all involving relatively large changes to this mixture. These involved only changes to the ROGs associated with anthropogenic emissions, a fraction of which (~60%) were present initially and the remainder emitted throughout the day. The compositions and amounts of aloft and biogenic ROGs input were not varied.
The variations, and the code numbers used to designate them, are as follows: (1) "No Oxygenates": The aldehydes and ketones were removed without modifying the levels of the other components. (2) "Oxygenates x3": The aldehydes and ketones were increased by a factor of 3 without modifying the levels of the other components. (3) "Aromatics x2": The aromatics were increased by a factor of 2, and the alkanes and olefins reduced to keep the total carbon the same. (4) "Alkenes x2": The olefins were increased by a factor of 2 and the alkanes and aromatics reduced to keep the total carbon the same.
One of the changes made to the EPA scenarios was assuming that~2% of the initial and 0.1% of the emitted NO x was in the form of nitrous acid (HONO), which is a powerful photoinitiator which could help initiate the photochemical processes early in the day. The EPA scenarios as received from
Baugues, 40 and the scenarios used previously, 11 assumed no initial or emitted HONO. The (5) The data on Figures 4-6 show that these relatively large variations in the base ROG mixture had in most cases had only small effects on the relative reactivities. The variation which had the largest effect was the increase in the aromatics ("3" on the plots), whose twofold increase, for example, caused a~19% decrease in the relative MIR reactivity of formaldehyde. Removing the oxygenates from the base ROG ("1") increased the relative MIR reactivity of formaldehyde by~7%. The effects of these variations on the other VOCs were generally smaller.
The removal of initial and emitted HONO from the scenarios ("5") had almost no effect on any of the results except for formaldehyde, whose MIR and MOIR relative reactivities increased by~15%, and whose integrated ozone relative reactivities (not shown) increased by~20%. This is a large sensitivity in view of the almost complete insensitivities of the other results to initial HONO. Since both HONO and formaldehyde provide early radical sources in the simulations, this shows that removing one such radical source increases the sensitivity of the scenarios to the other.
The fact that these scenarios have initial HONO while those given previously 11 do not might partly explain why the formaldehyde reactivity in these scenarios is less sensitive to changes in aldehyde emissions than calculated previously. In the absence of the initial HONO, we calculate that the relative reactivity of formaldehyde increases by~11% when the base ROG oxygenates are removed. (This is not shown on the plots.) This is greater than the~7% effect observed when the HONO is present, and
indicates that adding radical initiators such as HONO to the scenario reduces the sensitivity of formaldehyde reactivities on initial aldehydes.
The fivefold increase in the aloft ROGs was found to have an insignificant effect on the relative reactivity results. In view of this, the sensitivity to the composition of the aloft ROG mixture would also be expected to be small.
Examples of Exhaust Reactivity Adjustment Factors
An example of a regulatory application of a reactivity scale is the utilization of reactivity adjustment factors (RAFs) in the alternative fuel vehicle exhaust standards recently adopted in California. 12 The mass emissions of exhausts from alternatively-fueled vehicles are multiplied by these RAFs to place them on the same ozone impact basis as emissions from vehicles using conventional gasoline. The RAFs are calculated from the ratios of incremental reactivities (as ozone per gram) for the exhaust mixtures from alternative-fueled vehicles, relative to that for a mixture characteristic of exhaust from vehicles using industry-average gasoline. The regulations as adopted utilize the MIR scale to calculate these RAFs, 13 but it is of interest to see how these would differ if other scales were used. This is shown on Figure 10 , which gives RAFs for selected vehicle exhaust mixtures calculated using the various reactivity scales. The example mixtures, which are based on analysis provided by the CARB, 13 include exhausts from vehicles fueled with 85% methanol + 15% gasoline (M85), compressed natural gas (CNG), liquified petroleum gas Figure 10 .
Comparisons of Reactivity Adjustment Factors for selected vehicle exhaust mixtures calculated using various methods. Points on right are calculated from ozone yield RAFs for the varied averaged conditions scenarios.
(LPG), and 85% ethanol + 15% gasoline (E85). The RAFs are calculated relative to the standard exhaust mixture used by the CARB. 13 The format for the data on Figure 10 is similar to that on Figures 4-6 It should be noted that calculating reactivity adjustment factors for exhausts is not the only regulatory application where a reactivity scale might be useful 41 . However, this is the only regulation where such a scale has been applied to date. The results of this study should aid in assessing the appropriateness of reactivity scales in other regulatory contexts.
Discussion of Issues and Research Needs
A quantitative reactivity scale which compares the effects of different types of VOCs on ozone formation could be useful for a number of ozone control strategy applications. However, the development of such a scale has a number of difficulties. These can be categorized into three major areas. The first is that the gas-phase chemical mechanisms by which VOCs react in the atmosphere to form ozone are in many cases highly uncertain. This results in uncertainties in the model predictions of the reactivity of a VOC in any given scenario. The second is that the effects of VOCs on ozone formation -their reactivities -depend on the environment in which they are emitted. This means that even if we are capable of reliably predicting the reactivity of a set of VOCs in a set of scenarios, it is not obvious how these results should be used in developing a single reactivity scale -or even whether a use of a single reactivity scale has any validity. The third is that there are uncertainties in conditions of airsheds and episodes where unacceptable levels of ozone are formed. The uncertainties in conditions of a specific episode affect predictions of VOC reactivities for that episode, and uncertainties in distribution of conditions affect the development of appropriate methods for aggregating scenario-specific reactivities into a generalized reactivity scale.
The focus of this paper has been on the second of these problems, that of deriving a reactivity scale given that reactivities depend on environmental conditions. This has been studied by deriving reactivity scales using several different techniques, given a single chemical mechanism and a single set of representative airshed scenarios. The chemical mechanism employed is uncertain for many VOCs, but it incorporates our current best estimate of their atmospheric reactions, and represents most of the major types of species which need to be incorporated in reactivity scales. The representative environmental scenarios employed are even more uncertain, but they represent their developers' best estimate of the conditions of a wide variety of representative pollution episodes given the limitations in available data and the constraints of the simplified physical formulation of the model used. This is sufficient at least for evaluating methods for deriving reactivity scales.
Consistent with results of previous studies, it was found that the NO x conditions can significantly affect relative as well as absolute reactivities. In addition, it was also found that relative reactivities can depend on how ozone impacts are quantified, especially under low NO x conditions. Because of this, different reactivity scales give different reactivity rankings for VOCs and in a few cases different orderings of VOCs in these rankings. However, in most cases the qualitative rankings among the different scales are very similar, and the quantitative differences between them are small compared to the full range of reactivities of those VOCs which are now regulated as ozone precursors. The results of this study do not support the conclusion that reactivities are so strongly dependent on scenario conditions that all VOCs can be considered to be equal to within this variability. Therefore, use of some appropriate type of scale will yield more a more efficient ozone control strategy than regulating all VOCs equally. The more difficult issue is what is the optimum type of scale to use for this purpose. While the MOIR and scales like it are most effective at addressing peak ozone levels under conditions which are the most favorable for ozone formation, the scales like MIR it are more optimal when applied to the wide variety of conditions where ozone is sensitive to VOCs, or when one is concerned with reducing exposure to integrated ozone or ozone over the air quality standard.
Although these conclusions are based on reactivities calculated for highly simplified single day scenarios whose accuracies are unknown, the scenarios employed are sufficiently varied that it is not unreasonable to expect that similar results would be obtained if a more detailed and accurate scenarios were employed. This is supported by the results of Russell and co-workers, 30, 41 who calculated integrated ozone reactivities using a much more complex physical model, 42, 43 and obtained results which corresponded very closely to the MIR and integrated ozone scales calculated in this work. The calculations of Russell and co-workers 30,41 also increased the level of confidence in the validity of the reactivity scale derivation because they showed that a detailed physical model 42, 43 with condensed chemistry 44 can give essentially the same reactivity scale as a simplified physical model with detailed chemistry. However, it is clear that further work is needed to develop and utilize a more comprehensive and physically realistic set of scenarios for VOC reactivity assessment. All the scenarios used in this work represented the reactions of the VOCs only over a single day, and scenarios involving multi-day episodes and regional models are needed to assess the total impact of VOCs on ozone over their lifetimes. The work of Russell and co-workers 30, 41 is an important start in this regard, but these results need to be further evaluated using physically detailed models of other areas, and using regional models which can assess the impacts of VOCs over longer time periods and in long range transport scenarios.
It should be recognized that regardless of which approach or set of airshed conditions is used for developing a reactivity scale, model calculations of VOC reactivities are no more reliable than the chemical mechanism used to calculate them. Modeling studies may give us an indication of the magnitudes of the effects of these uncertainties, but will not reduce them. To reduce these uncertainties, experimental data are needed to test the mechanisms used to derive the reactivity factors, or at a minimum to test their predictions of maximum reactivity. Such experiments are underway in our laboratories.
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Conclusions
Practical implementation of ozone control strategies which take into account differences among VOCs in their effects on ozone require use of some quantitative reactivity ranking scheme. Use of incremental reactivity, or more particularly ratios of incremental reactivities or relative reactivities, is an appropriate means to do this. However, relative reactivities can vary depending on environmental conditions, how ozone impacts are quantified, and on what approaches are used to derive single scales from reactivities under a variety of conditions. Although these variations can in some cases be significant, in most cases they are smaller than the ranges of reactivity among non-exempt VOCs. Thus, despite the variabilities, use of any appropriate reactivity ranking scheme would yield a more efficient ozone control strategy than ignoring reactivity altogether.
The availability of NO x in the environment is the most important single factor affecting reactivity rankings. This is often measured by the ROG/NO x ratio, though this is not always a good predictor of reactivity characteristics because of variability of factors affecting rates of NO x removal. The ratio of NO x to NO x levels giving maximum ozone concentrations is a better measure of this. Variations in the composition of the base ROG mixture, the amount of initial HONO, and level of aloft VOCs are relatively unimportant in affecting reactivity when compared to the NO x effect. However, the effect of NO x is less when ozone impacts are quantified by integrated ozone concentrations, or by integrated ozone above air quality standards, than is the case when ozone is quantified by peak ozone concentrations or ozone yields.
Under high NO x conditions where VOCs have their greatest effect on ozone, which is the basis for deriving the Maximum Incremental Reactivity (MIR) scale, the relative reactivities are not strongly affected by how ozone is quantified, and are also relatively insensitive to other scenario conditions. Under lower NO x conditions, relative reactivities tend to become more sensitive to other scenario conditions, and tend to differ depending on how ozone is quantified.
Thus the MIR scale is relatively well defined in the sense that it is fairly insensitive to the choices of scenarios used to derive it, and in most cases it gives a reasonably good approximations to scales based on integrated ozone under lower NO x conditions. The MOIR scale gives better predictions of effects of VOCs on peak ozone yields in base case scenarios, but gave poor predictions of effects on integrated ozone or integrated ozone above the standard. It is also more sensitive to the set of scenarios used to derive it. Based on these considerations, and the fact that the MIR scale is based on environmental conditions where VOC control is most important for affecting ozone, we conclude that the MIR scale (or a scale similar to it, such as one based on integrated ozone over the standard) is appropriate for regulatory applications which a reactivity scale is required. Airshed model calculations using a much more detailed physical scenario (but a simpler chemical mechanism) lead to similar conclusions 30, 41 .
